Introduction
twice as large as the next largest event (1895), and roughly four times larger than the solar 33 proton fluence of the largest event from the "spacecraft era" which occurred in August 1972. 34 The Carrington SPE was associated with the 1-2 September 1859 magnetic storm, the most 35 intense in recorded history [Tsurutani et al., 2003] . The space weather events of 36 August/September 1859 are now particularly famous due to Carrington's visual observation of 37 a white-light solar flare for the first time [Carrington, 1960] . The associated magnetic 38 disturbances produced widespread auroral displays and disruption to telegraph transmissions 39 which attracted much public attention and were widely reported in the newspapers and 40 scientific articles [see the review Boteler, 2006] . 41 Recently, much attention has focused upon increasing our understanding of the Carrington [Odenwald et al., 2006] . These authors estimate that 80 satellites in low-, medium, and 47 geostationary-Earth orbits might be disabled as a consequence of a superstorm event with 48 additional disruptions caused by the failure of many of the satellite navigation systems (e.g., 49 GPS). Ionising radiation doses from the SPE have been estimated to be as high as 54 krad (Si) 50 [Townsend et al., 2003 ], levels which are not only highly life-threatening for crews of manned 51 missions, but present a significant hazard to onboard electronics. [1980] , McPeters et al. [1981] , and Solomon et al. [1983] 56 has been followed by several studies, notably the work of Jackman and coauthors [Jackman 57 and Jackman and Meade, 1988; Jackman et al., 1990 Jackman et al., , 1993 Jackman et al., , 1995 . 58 SPEs result in enhancements of odd nitrogen (NO x ) and odd hydrogen (HO x ) in the upper 59 stratosphere and mesosphere [Crutzen et al.,1975; Solomon et al., 1981; Jackman et al., 1990, 60 2000]. NO x and HO x play a key role in the ozone balance of the middle atmosphere because 61 they destroy odd oxygen through catalytic reactions [e.g., Brasseur and Solomon, 1986, pp. 62 291-299]. Ionization changes produced by a 20 MeV proton will tend to peak at ~60 km 63 altitude [Turunen et al., Fig 3, 2008] . Ionization increases occurring at similar altitudes, caused 64 by solar proton events are known to lead to significant local perturbations in ozone levels 65 [Verronen et al., 2005] , with polar ozone levels decreasing by >50% for large SPE. However, 66 the effect on annually averaged global total ozone is considered to be relatively small, of the 67 order of few tenths of a percent at the maximum [Jackman et al., 1996] . Changes in NO x and 68 O 3 consistent with solar proton-driven modifications have been observed [Jackman et impact of the differing spectra, as this may be less significant than Figure 1 suggests.
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The upper panel of Figure is included using the empirical approximation given by Thomas and Bowman [1986] . which will also ensure that the cutoff rigidities are very low for our modeling locations. We 
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The SPE-produced NO x increases are shown in Figure 7 , again in the same format as Figure 5 . event to the neutral atmosphere and the ionosphere, and the disruption to HF communication.
457
As seen in the SIC-output plots described in this paper, large changes in electron density and 458 atmospheric constituents occur during the period of SPE-forcing, which depend upon the nature 459 of the spectrum and also on the hemisphere considered. This is particularly significant for the 460 electron density increases. However, the most important SPE-driven atmospheric response is spectra. This is an indication of the extreme changes possible for the very largest SPE, and is 467 not a feature seen previously for "normal" large SPE, even those with unusually hard spectra. 
